An analysis is presented of possible worldwide production of methane from anaerobic decay of organic municipal and industrial wastes in landfills. The amount of methane released to the atmosphere from this source may now be in the range of 30-70 x 106 T/yr, which is between 6% and 18% of the total CH,• source. By far, most of this emission comes from the industrialized world. Release rates from these countries have been increasing steadily during the past decades, but growth rates are now gradually stagnating. In the future, the contribution from developing nations is expected to grow rapidly because of increasing population and urbanization. Consequently, methane release from landfills may become one of the main sources of atmospheric methane in the next century.
INTRODUCTION
Methane (CH½), the most abundant and stable hydrocarbon gas in the atmosphere, plays an important role in the photochemistry of the background troposphere. The photochemical oxidation of methane, which is initiated by reaction with the hydroxyl (OH) radical, sets up an important chain of reac- Because anaerobic digestion is exothermic, landfill temperatures are higher than the ambient air temperatures [Gunnerson and Stuckey, 1986]. The temperature in the anaerobic zone depends mainly on microbial activity, on fill geometry and depth, and to some extent, on air temperature. For a large landfill in Germany, Rettenber•Ter and Tabasaran [1980] report temperatures of the anaerobic zone to be in the region of mesophilic digestion at 30ø-40øC. Stegmann [1986] gives a temperature of 35ø-45øC as an average for fill depths larger than 4 m under similar climatic conditions. At depths exceeding 2 m the temperature was found to be independent from the ambient air temperature [Rettenberger and Tabasaran, 1980] . Rovers et al. [1977] ever, not exclude the possibility that the aforementioned studies may not apply to landfills in climates drier than in Germany, under which conditions diffusion of oxygen into the landfill may be more favorable.
QUANTITATIVE ESTIMATES OF WASTE CARBON DISPOSAL ON LANDFILLS

Municipal Solid Waste
In order to estimate the worldwide formation of methane from municipal wastes it is necessary to establish the amount of biodegradable carbon that is buried under anaerobic conditions. The amounts generated per capita were obtained from statistics on the generation rates and composition of municipal wastes that are available for many individual countries. These were combined with population data for the individual countries to obtain estimates of the amount of waste carbon that is disposed of annually. The waste components that were taken into account and their average content of degradable carbon are given in Table 2 . The patterns of municipal refuse generation and composition, also shown in For the USSR and Eastern Europe, no data were available, so that the MSW generation rates were estimated in the following manner. (1) For the generation of waste paper and paperboard, the weighted average per capita generation rate derived for the OECD countries was scaled down by a factor of 4.2, which is the ratio between the annual per capita production of wood pulp in the OECD nations to that in the USSR and Eastern Europe [United Nations, 1981]. This yields 14 kg of carbon per capita per year (C/cap/yr) of waste paper. (2) For the generation of waste carbon other than paper (e.g., food waste, garden and park waste, textiles, wood) the weighted average generation rate as derived for the OECD nations other than the United States, Canada, and Australia was adopted: 24 kg C/cap/yr. The total DOC generation rate thus adds up to 38 kg C/cap/yr. It is assumed that 85% of the total 15 x 106 T C/yr generated by 400 million people in these countries is disposed of at landfills, yielding a flux of 13 x 106 individual countries, the data were averaged among neighboring countries with similar economic backgrounds [United Nations, 1981]. For countries for which no data were available, we adopted data available for neighboring countries. Only the generation of organic wastes by the people living in urban environments, 22% of the total population, was considered, since in rural areas, organic wastes are largely used, e.g., vegetables are fed to animals, and wood residues are used as fuel.
In some rural areas of Asia (China, India, Korea), fermentable waste is also fed to anaerobic digesters to produce biogas for domestic use. Also, extreme poverty in urban regions may lead to extraction of organic waste constituents, which are used as fodder or fuel [Flintoff, 1976] Based on the analysis given above, 85 x 10 6 T of biodegradable carbon are deposited annually on landfills worldwide in MSW (Table 3) . Based on the observed inconsistencies between the reported statistics on waste C generation rates within and between countries, we roughly estimate the uncertainty of this figure to be about 30%. About 80% of the waste carbon is produced in the developed world, with about half of the waste carbon orginating from paper and paperboard (Table 3) .
Industrial Solid Wastes
There are three types of industrial wastes: (1) wastes that are similar in nature to MSW and frequently collected and disposed of together with MSW, (2) specific production wastes, and (3) hazardous wastes.
Most landfilled, biodegradable industrial and commercial waste carbon comes from category 1, mostly from offices, canteens, supermarkets, etc. For industrial waste in the United States an organic content of 40-76% is reported, with cellulosic material dominating [Mantell, 1975; Anderson, 1977] . In the wastes of category 2, only the food and the wood-and paper-processing industries produce putrescible waste carbon, but due to the concentrated occurrence, a large fraction of the wood residues is used for fuel. Many manufacturing industries produce inert wastes like scrap metal, grit, and sand or slowly biodegradable combustibles like oily sludges, organic chemicals, and solvents. Hazardous wastes are frequently separated from biodegradable wastes to avoid volatilization of toxic substances or leaching of heavy metals.
For industrial waste, even more than was the case for MSW, the information on generation, composition, and method of disposal in various countries is sparse and conflicting. Not only do some of the data reported for individual countries disagree strongly among different compilations, but some of the industrial waste streams reported for different countries [Wilson, 1981; OECD, 1985] are inconsistent with the corresponding national industrial production data. These inconsistencies seem to arise primarily from the fact that the various national inventories were conducted for different purposes (e.g., energy conversion, environmental safety considerations), and consequently, various types of waste materials have been assigned to different categories. Those industrial wastes that are similar to MSW are especially frequently masked in municipal inventories [Mantell, 1975] . In this study, estimates on the production and disposal of industrial biodegradable waste carbon were based on data from Umweltbundesamt [1984] for the Federal Republic of Germany (FRG). These data were extrapolated to other na- 3. For wood and wood products, the same extrapolation method as for paper and paperboard, based on the plywoodconsumption statistics [FAO, 1985] , leads to a production of 7-13 x 10 6 T C/yr wood and wood product wastes by the industrialized nations.
The data on industrial waste generation have been compiled in Table 4 . We estimate a total generation of biodegradable industrial and commercial wastes of 23-44 x 10 6 T C/yr by the industrialized nations. Assuming the same disposal practices for industrial and commercial wastes as for MSW (i.e., 83-85% landfilled in the industrialized countries), a total of 19-37 x 10 6 T C/yr may go to landfills annually in industrial wastes that are similar in nature to MSW.
Agricultural Wastes
Very large amounts of organic matter are produced in agriculture. According to the Biomass Panel of the Energy Research Advisory Board (ERAB) [1983] the amount of crop residues presently generated in the United States is about equal to 480 million tons and that of animal wastes, 175 million tons (dry weight). With a carbon content of about 40-45%, the total amount of agricultural waste for the United States alone is already 2.5 times larger than the 113 million tons of waste carbon that are generated worldwide and dumped in landfills (see Tables 3 and 4 
